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Fig. 1.1 Optical phenomena of the incident light into a scattering medium.
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Fig. 1.2 Phase function of (a) Mie and (b)Rayleigh scattering.
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1.2. ????????????
Fig. 1.3 Multiple scattering with light distribution.
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g =Hf : (1.12)
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F(g) = wT  g   b; (1.21)
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Fig. 2.1 Optical components represented with (a) the response function H, (b) the direct component
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Fig. 2.2 Setup for Experiments 1 and 2. The scattering medium is not used in Experiment 1, and
Projector 2 is not used in Experiment 2.
????????????????????????????????????????
????????????????????Fig. 2.2????????????????
? 1?EPSON? EH-TW400 3-chip LCD?????????????????????
?????????????PixeLINK PL-B953 monochrome CCD?????????
????????????????????????????????????????
?????????????????????????????????????? 51)?
2.4.1 ?? 1: ??????







???????????? \H"?????????????????? 750 750 ???
??????????????????? 12???????? (2.4)?????????
??? (2.2)????P = 1?A = 0?H(x0; x) = 0????????????????P








Fig. 2.3 Experimental data for separation of ambient light in Experiment 1(i). Images of the captured
target (resolution chart) with ambient light pattern projected by Projector 2, and (a) uniform and (b)
checker patterns projected by Projector 1. The upper subgure (140 100 pixels) in (b) is a close-up of
the rectangle in the gure. The reference (c) direct and (d) global components.
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??????? 2????A = 0????????? 1?????????P = 1???
??????????????????????Fig. 2.3(c)??? 1?????????
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????? (2.2)???? P = 0?A 6= 0? H(x0; x) = 0??????????????
Fig. 2.3(d) ??????? 1????P = 0????????? 2?? \H"??????
??A 6= 0???????????????????????Fig. 2.3(d) ??? 1???
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(f 2Dglo (X + 1; Y )  f 2Dglo (X; Y ))2 + (f 2Dglo (X; Y + 1)  f 2Dglo (X;Y ))2:
(2.8)
????f 2D ????? f??????????f 2D (X; Y )????? X?Y ????






















Fig. 2.4 Separation results using Nayar's single-shot method reported in Ref. 43 in Experi-
ment 1(i): (a) direct and (b) global components.
(a) (b)
Fig. 2.5 Separation results with TwIST in Experiment 1(i): (a) direct and (b) global components.
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Fig. 2.6 Experimental data for separation of ambient light in Experiment 1(ii). Images of the captured
target (grayscale chart) with ambient light generated by an incandescent bulb, and (a) uniform and (b)
checker patterns projected by Projector 1. The upper subgure (140 100 pixels) in (b) is a close-up of




Fig. 2.7 Separation results using Nayar's single-shot method reported in Ref. 43 in Experi-
ment 1(ii): (a) direct and (b) global components.
(a) (b)

















Fig. 2.9 Experimental data for separation of ambient light in Experiment 1(iii). Images of the captured
target (grayscale chart with the texture of the ne grains) with ambient light generated by an incandescent
bulb, and (a) uniform and (b) checker patterns projected by Projector 1. The upper subgure (140 





Fig. 2.10 Separation results using Nayar's single-shot method reported in Ref. 43 in Experi-
ment 1(iii): (a) direct and (b) global components.
(a) (b)
Fig. 2.11 Separation results with TwIST in Experiment 1(iii): (a) direct and (b) global components.
























Fig. 2.12 Experimental data for descattering. The captured target images behind the scattering medium
with (a) uniform and (b) checker patterns. The upper subgure (140 100 pixels) in (b) is a close-up of
the rectangle in Fig. 2.3(b).
(a) (b)
Fig. 2.13 Descattering results with TwIST: (a) direct and (b) global components.
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Fig. 2.14 Line proles of the smallest stripe patterns in the scattered [Fig. 2.12(a)] and descat-
tered [Fig. 2.13(a)] images. The line position is shown by the line in the close-up image of Fig. 2.12(b).
TwIST??????????????????Fig. 2.13(a)? 2.13(b)????????











































































g = Hf ; (3.1)264 g1...
gNm
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264 P1;1    PNz ;1 I... . . . ... ...








????g 2 R(NxNyNm)1????????????H 2 R(NxNyNm)(NxNy(Nz+1))
????????f 2 R(NxNy(Nz+1))1?????????????????????
????????gM 2 R(NxNy)1 ?M ????????????????????
PZ;M 2 R(NxNy)(NxNy)?M ????????? Z ???????????????
?????I 2 R(NxNy)(NxNy)??????fdirZ 2 R(NxNy)1? Z ????????
?????????f glo 2 R(NxNy)1???????????????????????
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Fig. 3.1 Comparison of the three-dimensional imaging approaches. (a) Confocal imaging, (b) light sheet
imaging, (c) our proposed method with three-dimensionally structured illumination.
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? 3? ???????????????????????????
Fig. 3.2 Object and scattered components.























Fig. 3.3 Experimental data for descattering. The captured target images using a uniform projection
pattern (a) without and (b) with the scattering medium. The coded projections with (c) a Poisson disk
pattern, (d) a sparse random pattern, and (e) a random pattern. Fourier transforms of (f) the Poisson
disk, (g) the sparse random pattern, and (h) the random pattern. Captured target images with the
scattering medium by projecting (i) the Poisson disk, (j) the sparse random, and (k) the random pattern,














Fig. 3.3(a)????????EPSON? EH-TW400 3-chip LCD???????????
???????????????PixeLINK?PL-B953????CCD????????
?????? 550 240 ???????Fig. 3.3(b)???????? 85.2 %??????
???????????????????????????????????????
?????Fig. 3.3(c)?????????????????????14 %??Fig. 3.3(d)
????????????????????14 %??Fig. 3.3(e)???????????
??????50 %??????????????????Fig. 3.3(f)?3.3(g)?3.3(h)??
??? Fig. 3.3(c)?3.3(d)?3.3(e)???????????Fig. 3.3(g) ? 3.3(h)????
????????????????????????????Fig. 3.3(f)???????
???????????????????????????????????????
???????Fig. 3.3(i){3.3(k)??? 3 ?????????????????????
??????????????60 80 ??????????????????????
???????????????????????????????????????
? 4 ??????Fig. 3.3(i)?????????????????????? 8.9 ???
????3 ???????????????????? 6?????







Fig. 3.4 Descattering results from the captured images with (a) the Poisson disk pattern in Fig. 3.3(i),
(b) the sparse random pattern in Fig. 3.3(j), and (c) the random pattern in Fig. 3.3(k), where bottom













3.7(b)???????????? 651 930 ????????????????????
???????????Fig. 3.7(c)????Fig. 3.7(c)???????????????
?????????????????? 7 ??? 15.7 ???????
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Fig. 3.5 Experimental setup for three-dimensional imaging in a scattering medium.





Fig. 3.7 Experimental data for three-dimensional imaging in the scattering medium. The captured target
images obtained with a uniform projection pattern (a) without and (b) with the scattering medium, where
the right subgure is a close-up of the rectangle in the gure, and its pixel count is 72 96. (c) One of







Fig. 3.8 Experimental results for three-dimensional imaging in the scattering medium with 24 coded
pattern projections. (a){(d) z1 to z4 planes in the LSM-based reconstruction, and (e){(h) z1 to z4 planes
in the TwIST-based reconstruction. The subgures at the bottom in Figs. (d) and (h) are close-ups of








??? 3 mm??????????? Fig. 3.7(b)?????????????????
Fig. 3.9(a)?3.9(b)????????????????????????????TwIST
???????????LSM???????????????????????????




















Fig. 3.9(b)??????????? 15 ???CCD??????? 4.65 m??????
???TwIST????????????? xy? 70 m??????????z = 73 cm?






























































Fig. 3.9 Line proles of the smallest stripe patterns in the reconstructions with (a) LSM in Fig. 3.8(d)
and (b) TwIST in Fig. 3.8(h). The line prole of the scattered image in Fig. 3.7(b) is also shown as a





Fig. 3.10 Depth map of the TwIST-based reconstruction.
???????????????????????????????????????
???????????????????????????????????? mean
squrare error (MSE)???????? 73 cm, 77 cm, 83.5 cm, 90 cm???????
15 cm, 7.3 cm, 1.5 cm, 0.1 cm??????????????????????????
??????????????????????????????P ????????
?????????????????
Fig. 3.7(a)????????????????MSE????????? Fig. 3.11?



































Fig. 3.11 MSEs between the reconstructed images with a dierent number of measurements (projections)
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gi = jP (a2  P(a1  fi))j2 ; (4.2)
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a1 2 CNxNy ????????????????????????????a2 2 CNxNy
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??????? (4.2)??????????????????????????????
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Fig. 4.2 Setup for the experiment.
????? 35, 36)?????E()?????????????????????????
????? gi??Ns ( NxNy) ????????????????????????
??????????Ns ????????????????????????????















????? SLM?Holoeye? LC2012??????? 36 µm?????? 36:927:6 mm2?
???????????????? SLM?????????????????????
????????????? SLM????????????????????SLM?





(a) (b) (c) (d) (e) (f) (g) (h) (i) (j)
(k) (l) (m) (n) (o) (p) (q) (r) (s) (t)
Fig. 4.3 Examples of (a){(j) face and (k){(t) non-face images.
???????????????????????CCD????PixeLink? PL-B953?
??????
??????????????MIT Center for Biological and Computational Learning
?????????CBCL Face Database 68)???????????????????











Fig. 4.4????????? 1? 2??????????FV-104?FV107??????
??????2??????????????? 1??????????????????
?? 51.2 %? 1.1 %??????? 2????? 30.1 %? 0.1 %???????? 1? 2?
?????????????????????????????? 768768?=NxNy?
???????? 2???? Fig. 4.3(a)? 4.3(k)?????????????????






Fig. 4.4 Scattering plates for the experiment. Two sets of each scattering plate were prepared as front





Fig. 4.5 Examples of experimentally captured speckle intensity images of the face and non-face images
shown in Figs. 4.3(a) and 4.3(k). The speckles captured through the scattering plate 2 of the amplitude
target of (a) the face image and (b) the non-face image. The speckles captured through the scattering
plate 2 of the phase target of (c) the face image and (d) the non-face image. The subgures at the right
in Figs. (a){(d) are close-ups of the central 50 50 pixels in each of the left gures.











(a) (b) (c) (d)
Fig. 4.6 Correlations between speckle intensity images from Figs. 4.3(a){4.3(e) and Figs. 4.3(k){4.3(o).
Results with the scattering plate 1 from the (a) amplitude and (b) phase targets. Results with the
scattering plate 2 from the (c) amplitude and (d) phase targets. The indices of the row and column in





???????? Fig. 4.3(a){4.3(e) ?????????????????????
Fig. 4.3(k){4.3(o)??????????????????Fig. 4.6????????v ?
??w ?????????? gv? gw??? C(v; w)??
C(v; w) = jj(gv=jjgvjj`2)  (gw=jjgwjj`2)jj`1 ; (4.5)
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Scattering plate 1, amplitude
Scattering plate 1, phase
Scattering plate 2, amplitude
Scattering plate 2, phase
No scattering plate, amplitude
Fig. 4.7 Accuracy rates of face and non-face recognition by the SVM.
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